Density functional theory calculations are used to study the energetics of the electrochemical oxygen evolution reaction (OER) of water and the reverse oxygen reduction reaction (ORR) on metal-porphyrin-like centers incorporated into graphene layers or single-walled carbon nanotubes (SWCNTs). The objective is to explore the reductions in computational thermodynamic overpotential that can be achieved relative to catalysis on metal oxide surfaces (OER) or platinum (ORR) by varying the metal center and axial ligand. This permits a degree of simultaneous control over the free energy gap between the lowest energy OH and highest energy OOH intermediates, and the position of the oxo (O) intermediate in this gap. Optimal choice of metal toward the right of the first transition series largely controls the gap. Given a suitable metal such as Fe, the overpotential for OER can be tuned over a range greater than 0.35 V by choice of the axial ligand. For OER occurring within the SWCNTs, a minimum predicted overpotential of 0.35 V is found, very close to the gap-imposed limit of 0.30 V for this system. Similarly, the overpotential of ORR can be tuned over a range more than 0.30 V by selection of the axial ligand. While the calculations necessarily have limited accuracy, the principles should provide a transferable path toward overpotential optimization for the OER and ORR.
INTRODUCTION
Electrochemical water splitting holds considerable potential as a process for the production of carbon-free hydrogen using renewable sources of electrical power, such as wind and solar energy. 1, 2 The splitting of water involves two half reactions: (a) the oxygen evolution reaction (OER), corresponding to water oxidation, H 2 O (l) → 1 / 2 O 2 (g) + 2H + + 2e − , for which E = 1.23 V vs SHE at pH = 0, and (b) the hydrogen evolution reaction (HER), corresponding to proton reduction, 2H + + 2e − → H 2 (g), for which E = 0.00 V vs SHE at pH = 0.
The efficiency of electrochemical water splitting is currently limited by substantial energy losses associated with high overpotentials for oxygen evolution (η OER ) at the anode. Even with the best heterogeneous catalysts, such as Ru oxides or Ir oxides, η OER is typically greater than 0.30 V at a current density of 10 mA·cm −2 . 3 As a result, developing a strategy to minimize η OER for existing classes of OER catalysts or discovering new catalyst types is an important objective for increasing the energy efficiency of electrochemical water splitting.
Correspondingly, when hydrogen is oxidized to water in a proton-exchange membrane fuel cells (PEMFC), 4,5 the oxygen reduction reaction (ORR), the reverse of OER, limits the fuelcell efficiency. Currently, platinum is used as the main component of ORR catalyst for PEMFCs. It is also notable that even state-of-the-art systems operate at voltages of only ∼0.7 V, 6 far below the equilibrium potential of 1.23 V. The high cost of platinum and the high ORR overpotential (η ORR ) constitute major obstacles to the large scale usage of PEMFCs. Therefore, for fuel cells it is crucial to lower the value η ORR through the discovery of new catalysts based on earth abundant materials.
In the present study, we use density functional theory (DFT) to determine the Gibbs free energy changes associated with the elementary steps of the OER and ORR occurring on transition metal cations coordinated by porphyrin-like ligands in order to understand the effects of ligand composition on the values of η OER and η ORR . We then explore the possibility of using an axial ligand to further lower the values of η OER and η ORR . Finally, we explore the effect of embedding the porphyrin motif into either graphene sheets or single-walled carbon nanotubes (SWCNTs). Our choice of systems is motivated by a number of relevant experimental studies. First, metal porphyrin complexes and metal corrole complexes (a ring-contracted porphyrin analogue) have been demonstrated as catalysts for the OER 7−11 and ORR. 12, 13 For example, Co-5,10,15,20tetrakis(1,3-dimethylimidazolium-2-yl)porphyrin has been identified as an efficient homogeneous, single-site catalyst for water oxidation, 11 and Fe-meso-tetra(pyridyl)porphyrin has been found to be a good electrocatalyst for ORR. 13 Second, metal cations coordinated with porphyrin groups are amenable to a wide range of chemical modifications that can be explored as a means for minimizing η OER and η ORR . Third, the investigation of graphene and carbon nanotubes as supports for OER and ORR catalysts is motivated by recent reports of the effectiveness of these materials for OER 14−17 and ORR. 18−20 We also note that it has recently been shown that nanostructured carbons, 21−23 graphene, 24, 25 and carbon nanotubes 26, 27 containing Fe cations in porphyrin-like motifs can function as active catalysts for the ORR.
The remainder of the paper is organized as follows. We first introduce the OER and ORR mechanism, the computational standard hydrogen electrode model, and the method for calculating η OER and η ORR . Next, we investigate the use of organometallic complexes as models to identify strategies for reducing η OER and η ORR . Finally, those strategies are applied to graphene and SWCNTs in an attempt to understand how these host materials affect the values of η OER and η ORR of Fe cations held in porphyrin-like ligands and modified with various axial ligands.
COMPUTATIONAL DETAILS
For organometallic complexes, geometry optimizations were carried out using the PBE functional 28 with the 6-31G** basis set 29, 30 for all atoms except the metal cation. For metal cations we used the small-core, angular-momentum-projected, effective-core potential (ECP) from Los Alamos, 31 for which the outer core and valence electrons are described explicitly using the double-ζ contraction of valence functions.
To obtain the most accurate energetics, we performed singlepoint energy calculations on previously geometry-optimized structures using the same functional but with a larger basis set: metals were described with the triple-ζ contraction of valence functions augmented with one f-functions 32 but with the core electrons described by the same small core ECP; while the other atoms are described with the 6-311++G** basis set. 33, 34 For each system, all possible spin multiplicities were considered and calculated, but only the most stable one was chosen to form the free energy surface.
It has been suggested that the use of functionals including on-site Coulomb repulsion is crucial for predicting η OER and η ORR . 35, 36 Therefore, we recalculated the important results using B3LYP 37−39 with the same basis sets and procedure as those for PBE (Tables S2 and S3 , Supporting Information). We found that the trends (the correlation between ΔΔG and the group number, and axial ligand effect to η OER and η ORR ) in our results are functional-independent. All the cluster calculations were performed using Q-Chem. 40 For systems with periodic boundary conditions (graphene and CNT), the DFT calculations were performed with the planewave code VASP 41−44 using projector augmented-wave pseudopotentials 45, 46 with the PBE functional. The plane wave energy cutoff was set to 400 eV and the density cutoff was set to 700 eV, and electron smearing was employed using the Gaussian-smearing technique with a width of k B T = 0.1 eV. All calculated values of energies have been extroplated to k B T = 0. A Monkhorst−Pack k-point grid of 2 × 2 × 1 was chosen to sample the reciprocal space for the graphene systems, whereas for the CNT systems only the gamma point is sampled because of the large model we used (17.04 Å along the tube direction). At least 10 Å vacuum space between adjacent images was used to prevent the interaction between the replicas along the zdirection for graphene and the x-and y-direction for CNT. All the graphene and CNT systems were calculated using the spinpolarized wave functions. We calculated all possible spin states for each system by constraining the difference between the number of αand β-electrons to range from 0 to 5, and only the most stable one was used to construct the free energy diagram. To convert electronic energies into Gibbs free energies, zeropoint energy (ZPE), enthalpic, and entropic corrections and solvation energies are needed. We used the numbers reported by Rossmeisl et al. 47 for ZPE and thermo corrections and those from Koper et al. 48, 49 for the solvation correction (Table S1 ). We also used the dispersion-corrected 50 PBE (PBE-D2) functional to reexamine some important cases (Table S4 ), and we found that the major conclusions are the same.
We emphasize that this is a purely thermodynamic study, which means no kinetic barriers are calculated or included in the Gibbs free energy surfaces. This simple thermodynamic analysis has been shown to satisfactorily predict experimental overpotentials for other electrocatalytic reactions, 47, 51 and the thermodynamic overpotentials provided here represent the lower bounds to the kinetic ones. Moreover, recent computational studies have shown that the kinetic barriers are small and thus surmountable at room temperature. 52−54
RESULTS AND DISCUSSION
3.1. Factors Affecting η OER . The following four-step mechanism, which is supported by the recent ambient-pressure X-ray photoelectron spectroscopy, 55 was used to analyze the thermodynamic aspects of the oxygen evolution reaction and to determine the overpotential for the OER. In the above steps, the symbol * represents an oxygen vacancy on the catalyst surface, and *OH, *O, and *OOH represent chemisorbed OH, O, and OOH, respectively. The computational standard hydrogen electrode model proposed by Nørskov and co-workers was used to calculate potential-and pH-dependent free energy surfaces. 57 In the context of this model, the free energy of a proton and an electron is equal to half the free energy of H 2 (g) at an applied electric potential U = 0 V vs SHE and pH = 0. The free energy surfaces presented and discussed in this work are at standard conditions (pH = 0, T = 298.15 K) and U = 0 V vs SHE. ΔG *OH , ΔG *O , and ΔG *OOH are the Gibbs free energies of *OH, *O, and *OOH, respectively, referenced to a surface with an oxygen vacancy site (*), H 2 O(l), and H 2 (g). It is noted that this approach applies equally well to the OER carried out in acidic or basic electrolytes. 58 The Journal of Physical Chemistry C The computational overpotential, η OER , is defined as the difference between the water equilibrium potential (1.23 V vs SHE) and the potential needed to overcome the most uphill reaction of the four steps. For all OER catalysis considered here, the potential determining step is either reaction II or III, 56 from which it follows that
This means that η OER is determined by two factors (as shown in The perfect OER catalyst would have ΔΔG = 2.46 eV and (ΔG *O − ΔG *OH ) = 1.23 eV, leading to η OER = 0 V. However, as proposed by Nørskov and co-workers 56 and Koper, 59 ΔΔG is typically around 3.2 eV, and as a result η OER is almost solely dependent on (ΔG *O − ΔG *OH ) alone. This leads to an intrinsic minimum value for η OER of 0.37 V (3.2 ÷ 2 − 1.23 = 0.37), even when ΔG *O is positioned in the middle of ΔG *OOH and ΔG *OH . Indeed, recent experiments show there exists a lower limit for η OER among all known OER catalysts. 3 In order to achieve lower values of η OER , strategies are needed (i) to obtain values of ΔΔG lower than 3.2 eV and (ii) to position the value of ΔG *O half way between the values of ΔG *OOH and ΔG *OH .
3.2. Reduction of ΔΔG. The two ligand motifs shown in Scheme 2 were selected for analysis: (a) six-and fivecoordinated metal porphyrin complexes (Por-6-M and Por-5-M), chosen to represent porphyrin-like motifs that can be embedded in carbon nanostructures such as graphene 24 and CNTs. 26 Only first-row transition metals (Ti, V, Cr, Mn, Fe, Co, and Ni) were considered, since they are earth abundant and inexpensive.
Values of ΔΔG for Por-5-M and Por-6-M were calculated. As shown in Table 1 , metals on the right-hand side of the periodic table exhibit the lowest values of ΔΔG. This trend is similar to that observed in other recent computational studies for metal oxides. 48, 49, 60, 61 A significant finding is that by choice of a metal from the right side of the transition series, we can move closer to the optimal value of ΔΔG = 2.46 V, which opens the possibility of reducing the minimum overpotential (η OER = ΔΔG ÷ 2−1.23) below the limiting value of η OER = 0.37 V associated with the standard value of ΔΔG = 3.2 V.
The correlation (R 2 ) between the metal group number and ΔΔG is 0.97 for Por-5-M and 0.91 for Por-6-M. The origin of the good correlations is likely the greater electronegativity of the OH radical (gas phase EA = 1.83 V) relative to the OOH radical (gas phase EA = 1.08 V). 62 As we go across the series, the M 3+ metal centers become less readily oxidizable, which destabilizes *OH more than *OOH, leading to smaller values of ΔΔG. This is also evidenced by the increasing value of ΔG *OH and experimentally determined redox potentials for the M +2 /M +3 −OH pair. 63 In summary, our numerical results, in line with qualitative electronegativity arguments, suggest that more active OER catalysts result when the metallic center is chosen from the Table 2 for different metals. Our results show that the Co porphyrin complex exhibits the lowest value of η OER consistent with experimental observations 9, 11 and previous theoretical studies. 48, 49, 64 Table 2 also shows that there is a dramatic increase (1.14 eV) in the value ΔG *O going from Fe to Co. This is due to the occupation of M−Oxo σ* orbitals, significantly weakening the metal−oxo bond order, and is consistent with the fact that metal oxo complexes with more than four d-electrons are highly unstable and rare. 65, 66 Figure 1 shows the scaling relations between ΔG *OH , ΔG *O , and ΔG *OOH as a function of ΔG *OH for Por-5-M, from which we find that the position of ΔG *O relative to the positions of ΔG *OH and ΔG *OOH cannot be fixed precisely half way between the latter two free energies simply by changing the metal center. For instance, when the metallic center is Fe, ΔG *O is too close to ΔG *OH and Reaction III is the potential-determining step: η OER = 0.82 V. To reduce η OER , Fe can be replaced by Co; however, in this case ΔG *O increases too much and becomes too close to ΔG *OOH , so the potential-determining step is Reaction II leading to η OER = 0.50 V. The steeper increase of ΔG *O relative to ΔG *OOH can also be rationalized on the grounds of its greater electronegativity. This means that simply changing the metal cation in a given complex does not give sufficient control of ΔG *O , and hence is not an adequate means for minimizing η OER .
To minimize η OER , it is important to identify means for more precise control of the position of ΔG *O on the free energy diagram. For metal porphyrin complexes, it is well-known that the axial ligand influences catalytic activity 67, 68 and selectivity. 69−71 For example, axial ligands markedly affect the reactivity of iron−oxo porphyrin π-cation radicals in olefin epoxidation and alkane hydroxylation. 67 We show below that the values of both η OER and η ORR can be tuned by choice of the axial ligand.
We used Por-5-Fe as a model catalyst because graphene 24 and CNTs 26 containing Fe cations in a porphyrin-like motif have been shown to be effective catalysts for the oxygen reduction reaction (ORR). Since the electrochemical oxidation of water takes place in aqueous solution, it is reasonable to assume that in the absence of strongly bound ligands the axial position (X, Scheme 3a) would be occupied by water (Por-5-Fe-H 2 O). Therefore, Por-5-Fe-H 2 O was used as the reference. Eight different axial ligands including X = H 2 O, NMe 3 , PH 3 , PMe 3 , A, B, C, and CO were investigated, since Fe (and other transition metals) porphyrin complexes containing such axial ligands have been described in the literature. 72−76 The value of η OER of Por-5-Fe-H 2 O is 0.75 V with reaction III acting as the potential-determining step (see Table 3 ). We find that by changing the composition of the axial ligand, η OER can be reduced by as much as 0. The improvement in OER activity can be rationalized by plotting the values of ΔG *OH , ΔG *O , and ΔG *OOH of Por-5-Fe-X versus ΔG *OH (see Figure 2 ). We find that replacement of H 2 O by others axial ligands increases the values of ΔG *OH and ΔG *OOH (see Table 2 ). Figure 2 shows that ΔG *OOH increases more slowly than ΔG *OH (with a slope of 0.78), whereas ΔG *O increases more rapidly than ΔG *OH (with a slope of 1.63).
What this means is that as X is changed from H 2 O to CO, the magnitude of ΔΔG decreases and the value of ΔG *O shifts from below the midpoint between ΔG *OH and ΔG *OOH to above the midpoint. Another way to explain these results is to look at how the four intermediates, *, *OH, *O, and *OOH, are stabilized/ destabilized as the composition of the axial ligand is varied from H 2 O to CO. We find that the replacement of X = H 2 O to NMe 3 , PH 3 , PMe 3 , A, B, C, and CO stabilizes *OH and *OOH by a larger and similar amount, whereas it stabilizes (or destabilizes when X = PH 3 , and CO) *O only by a smaller amount ( Table 4 ). The outcome of this uneven axial ligand stabilization effect pushes ΔG *O up in the free energy diagram, approaching the middle of ΔG *OH and ΔG *OOH and resulting in a low value of η OER .
3.4. The Effect of Axial Ligands on η ORR . Since ORR is the reverse of OER, we also calculated the ORR overpotential (η ORR ) for Fe porphyrin complexes, which is defined as the difference between 1.23 V and the reaction energy of the least uphill of the four mechanistic steps: 77 (2)
As shown in Table 3 , we find that the composition of the axial ligand has a significant effect on the value of η ORR , reducing it from 0. Consistent with these findings, Anson and co-workers have reported that measured ORR potentials shift to more positive values (i.e., to lower values of η ORR ) when Fe porphyrin complexes are attached to a pyrolytic graphite electrode by an axial ligand. 78 The improvement of ORR activity can also be seen from the data in Table 4 . Usually the potential-determining step for ORR is either the reverse of reaction I or II, 77 and therefore eq (2) can be rewritten as 3.5. Graphene and Carbon Nanotube Systems. The idea of using an axial ligand to adjust the values of η OER and η ORR for a Fe cation coordinated to a porphyrin-like moiety embedded in a graphene sheet (G-Fe-X) or a single-walled carbon nanotube (SWCNT-Fe-X) was examined in the next phase of our work. Illustrations of the structures are shown in Scheme 4. This part of our effort was motivated by extensive studies of G-Fe and SWCNT-Fe for the ORR. 24, 26 Table 5 shows that for G-Fe-X the choice of axial ligand enables delicate control of the related position of ΔG *O in the free energy diagram in a manner similar to that observed for the porphyrin systems. Importantly, we observe that by selection of the axial ligand the value of η OER can be reduced from 0.78 V for X = H 2 O to 0.35 V for X = C. We note that the potentialdetermining step changes from Reaction III for X = H 2 O, NMe 3 , PH 3 , PMe 3 , A, and B to Reaction II for X = C and CO. This means that when X = B and C the OER activity of the catalyst reaches the top of the volcano plot. Selection of the axial ligand can also reduce the value of η ORR from 0.68 V for X = H 2 O to 0.37 V for X = PH 3 .
In the case of SWCNTs, it is possible to place the axial ligand inside or outside the nanotube with the consequence that the OER or ORR can occur outside or inside the nanotube (see Scheme 4, parts b and c). We refer to these cases as catalysis outside, SWCNT OUT -Fe-X (i.e., Scheme 4b), and catalysis inside, SWCNT IN -Fe-X (i.e., Scheme 4c). The results for both cases are summarized in Table 6 . Only X = H 2 O, PMe 3 , A, B, C, and CO are considered, since in the metal porphyrin and graphene systems only these ligands improved OER and ORR activity significantly.
For SWCNT OUT -Fe-X, replacing X = H 2 O with PMe 3 increases η OER from 0.75 to 0.84 V, but decreases η ORR from 0.82 to 0.66 V. This small effect (relative to the results of the previous section) for interior PMe 3 may be due to steric repulsion with the carbon wall of the tube weakening the axial ligand interaction with the metal. In fact, R(Fe-PMe 3 ) is calculated to be 2.64 Å for the *OH intermediate of SWCNT OUT -Fe-PMe 3 , which is much larger than that for G-Fe-PMe 3 (2.37 Å). By contrast, CO, B, and C significantly reduce the value of η OER to 0.39, 0.36, and 0.36 V, respectively and reduce the value of η ORR to 0.31, 0.53, and 0.54 V, respectively. It is not surprising that CO has a significant axial ligand effect, since it is small enough to ligate with the Fe center without experiencing significant steric repulsion. Indeed, we observe that R(Fe-CO) = 1.79 Å for the *OH intermediate in SWNT OUT -Fe-CO which is the same as that for G-Fe-CO. The effectiveness of the model heterocyclic carbenes, B and C, is also a consequence of the relatively small size of these ligands. We find R(Fe−B) = 2.12 Å and R(Fe−C) = 2.01 Å for the *OH intermediates, values that are comparable to those for G-Fe-B (1.97 Å) and G-Fe-C (1.96 Å).
For catalysis within the nanotube, SWCNT IN -Fe-X, we find that X = A, B, C, and even PMe 3 cause a significant reduction in the η OER from 0.88 V for H 2 O to 0.41, 0.37, 0.35, and 0.40 V, respectively. The reason that PMe 3 gives larger improvement in the OER activity than for SWNT OUT -Fe-PMe 3 is stronger interaction of the ligand with the Fe center. Indeed, R(Fe-PMe 3 ) = 2.23 Å for the *OH intermediate in SWNT OUT -Fe-PMe 3 , which is much shorter than that for SWCNT IN -Fe-PMe 3 (2.64 Å) and even shorter than that of G-Fe-PMe 3 (2.37 Å).
In contrast to G-Fe-X and SWCNT OUT -Fe-X, the replacement of X = H 2 O in SWNT IN -Fe-X by PMe 3 , A, C, or CO causes small reductions in the value of η ORR (η ORR = 0.45 V for H 2 O, η ORR = 0.37 for PMe 3 , η ORR = 0.42 for A, η ORR = 0.43 for C, and η ORR = 0.38 for CO), and replacement by B even increases η ORR slightly to 0.46 V. This is because η ORR for SWCNT IN On the basis of the results reported above, we propose two novel designs of electrocatalyst for OER and ORR. Our first design comprises a metal porphyrin-like moiety embedded into a carbon nanotube and a bulky ligand occupying the axial site on the outside of the tube (Figure 3a ). In this case, catalysis can only occur inside the nanotube architecture and offers several advantages. Strongly interacting ligands such as phosphine and N-heterocyclic carbenes cannot poison the active site, as they can be designed to be too bulky to enter the carbon tube. A second advantage is that water, gas, proton, and ion transport occurs more rapidly inside than outside the tube, 79−86 and therefore the OER and ORR could be accelerated in the transport limited region. However, the embedding of the porphyrin-like motif into the carbon nanotube may change its charge distribution and thus affect the transport efficiency, The second design involves N-heterocyclic carbene ligands or phosphine ligands bound to electrodes through linkers, and coordination of the ligand with metal porphyrin complexes (Figure 3 (b) ). This design is similar to what was proposed by Shi and Anson. 78 
CONCLUSIONS
Analysis of the OER occurring on first-row transition metal cations contained in metal oxide has shown that the minimum value of the potential-limited overpotential, η OER , is dictated by the value (ΔG *OOH − ΔG *OH ), the difference in the Gibbs free energies for the binding of adsorbed OOH and OH species, *OOH and *OH. For metal oxides the value of (ΔG *OOH -ΔG *OH ) is between 3.4 and 3.2 eV, which means that the minimum value of η OER that can be achieved is between 0.47 and 0.37 eV. 56 Therefore, to achieve lower values of η OER requires finding coordination motifs for transition metal cations that provide values of (ΔG *OOH − ΔG *OH ) that lie below 3.2 eV. We show here that values of (ΔG *OOH − ΔG *OH ) between 3.4 and 2.8 can be achieved for first-row transition metal cations coordinated with the porhyrin ligand with the lowest values being for trivalent metal cations occurring to the right-hand side of the first row of transition metal cations (e.g., Co 3+ , Fe 3+ and Ni 3+ ). For a given metal cation and ligand, the lowest value of η OER will occur when the value of ΔG *O lies midway between the values for ΔG *OOH and ΔG *OH . Our analysis reveals that for a given cation and ligand system the value of (ΔG *OOH − ΔG *OH ) can be reduced and the value of ΔG *O simultaneously tuned to lie midway between the values for ΔG *OOH and ΔG *OH by proper choice of ligand. Thus, for example, the value of η OER for Por-5-Fe-H 2 O can be reduced from 0.75 eV when H 2 O serves as the axial ligand to as low as 0.27 V, when the CO serves as the axial ligand (i.e., Por-5-Fe-CO), which is not much higher than the minimum value for η OER , 0.21 eV. If the porphyrin motif is incorporated into a graphene sheet or into a single-walled carbon nanotube, the lowest value of η OER determined for the ligands considered is ∼0.35 eV using the N-heterocyclic carbene C (see Scheme 3) as the axial ligand.
It should be noted that the axial ligand effect can only push ΔG *O up in Gibbs free energy. This helps to reduce η OER for M = Fe, Mn, and Cr, but this does not improve the OER activity for M = Co and Ni, which possess the smallest value of ΔΔG and therefore the smallest intrinsic η OER among the first-row transition metals. This is because for M = Co and Ni, which have more than four d-electrons, the oxo intermediates (M +4  O) are highly unstable. To utilize these metals as active sites for OER, some strategy, such as using a π-electron withdrawing ligand or redox-inactive metal ions, 87, 88 must be used to stabilize the *O intermediate, thereby making reaction III the potential determining step.
The overpotential for the ORR can also be lowered through the use of axial ligands for the ORR. For example, the value of η ORR can be reduced from 0.72 eV for Por-5-Fe-H 2 O down to 0.40 eV for Por-5-Fe-C. When the porphyrin motif is incorporated into a graphene sheet, the lowest value for η ORR is attained for G-Fe-PH 3 , 0.37 eV. When the porphyrin motif is incorporated into a single-walled carbon nanotube the lowest value of η ORR is obtained for SWNT out -Fe-CO, 0.31 eV. Protecting the active site from poisoning by strongly interacting axial ligands can be accomplished by doing catalysis inside the nanotube, where suitably chosen bulky ligands cannot enter.
In summary, this study has shown that value of η OER significantly lower than those determined for metal oxides and values of η ORR below those determined for Pt (the most active catalyst for ORR) can be achieved by coordinating Fe 3+ , and other late, first-row transition metal cations, with porphyrin ligands or porphyrin-like ligands incorporated into singlewalled carbon nanotubes and an axial ligand.
